We investigate ambiguities in the extraction of the d -ū asymmetry from semi-inclusive production of pions in deep inelastic scattering. The role of several effects beyond the quark-parton model that lead to N p ϩ N n ϩ and N p Ϫ N n Ϫ and may therefore cloud such an extraction is studied. The results are discussed in the context of the recent HERMES data. We find that the interaction of the resolved photon with the nucleon significantly modifies the observed d -ū asymmetry. The exclusive elastic production of mesons plays a similar role for the large-z data sample. Our estimate shows a rather small effect of the spectator mechanism. Nuclear effects in the deuteron also look potentially important but are difficult to estimate quantitatively. Throughout the paper we make in addition several general remarks concerning semi-inclusive and exclusive production of mesons.
I. INTRODUCTION
Since the New Muon Collaboration ͑NMC͒ publication ͓1͔ on the Gottfried sum rule violation, the effect of d -ū asymmetry was one of the most intensively discussed problems of nucleon structure in the 1990s. The effect is clearly of a nonperturbative nature and was qualitatively explained as due to the pion ͑meson͒ cloud in the nucleon ͑for recent reviews see ͓2͔͒. In order to shed more light on the nature of the Gottfried sum rule violation, two different Drell-Yan experiments were proposed and performed ͓3,4͔. They measured the ratio pd DY / pp DY . The integrated result for the asymmetry from the more complete Fermilab experiment ͓4͔ is ͐ 0 1 ͓d Ϫū ͔dxϭ0.09Ϯ0.02, to be compared with the NMC result: ͐ 0 1 ͓d Ϫū ͔dxϭ0.148Ϯ0.039. The NMC asymmetry appears slightly bigger. It was suggested recently by two of us that the difference can be partly due to large higher-twist effects for the nonsinglet quantity F 2 p ϪF 2 n ͓5͔. It was proposed in Ref. ͓6͔ how to use semi-inclusive production of pions to extract the asymmetry of light antiquarks in the nucleon. This method was applied recently by the HERMES Collaboration at the DESY ep collider ͑HERA͒ ͓7͔.
Recent results for semi-inclusive production of pions in polarized photoproduction obtained at SLAC ͓8͔ have shown that spin asymmetry almost cancels for small transverse momenta of the outgoing pions, which seems to be another nonperturbative effect. This result was interpreted as a large vector dominance model ͑VDM͒ contribution ͓9͔ for small transverse momenta. Only at large transverse momenta may the perturbative QCD processes reveal themselves and only then can one try to disentangle the polarized quark distributions in the nucleon. At low photon virtuality, as in the HERMES experiment where ͗Q 2 ͘ϳ2.3 GeV 2 , similar nonperturbative effects can be expected in the unpolarized case.
In the present paper we try to examine the semi-inclusive production of pions in DIS as a source for measuring the d -ū asymmetry. We investigate several effects beyond the standard parton model, mostly of nonperturbative nature, which give sizable contributions to the semi-inclusive production of pions and may cause the asymmetry of light antiquarks measured in the recent experiment ͓7͔ to not coincide with the real asymmetry of quark distributions. In particular, making quantitative estimations, we focus on conclusions relevant for the HERMES experiment. the hadron. In the formula above, P, p h , and q are the fourmomenta of the target nucleon, final hadron, and virtual photon, respectively.
If one is not interested in the transverse momentum distribution of the emitted hadron then the triple-differential cross section can be written in a more compact way:
In the quark-parton model ͑QPM͒ only mechanisms shown in Fig. 1 are assumed. Usually in calculations one does not distinguish diagrams ͑a͒ and ͑b͒. It is commonly believed that diagram ͑b͒ can be included effectively on the same footing as diagram ͑a͒. We shall discuss later possible restrictions of such an approach. In the naive QPM the generalized semi-inclusive structure functions F 1 and F 2 are related by the Callan-Gross relation leaving only one independent structure function, which can be written as
Now, in the quark-parton model ͑4͒ using symmetry relations ͑5͒ and ͑6͒ one can combine semi-inclusive cross sections for the production of positive and negative pions on proton and neutron targets and isolate a quantity sensitive to the flavor asymmetry ͓7͔ d ͑ x ͒Ϫū ͑ x ͒ u͑x ͒Ϫd͑ x ͒ ϭ J͑z ͓͒1Ϫr͑ x,z ͔͒Ϫ͓1ϩr͑ x,z ͔͒ J͑z ͓͒1Ϫr͑ x,z ͔͒ϩ͓1ϩr͑ x,z ͔͒ , ͑8͒
where J͑z ͒ϭ 3 5
is a ratio of differences of charged pion yields on proton and neutron. It is straightforward to see that the fragmentation of strange quarks/antiquarks cancels in the quantity r (x,z) . It is also worth noting that the right-hand side ͑RHS͒ in Eq. ͑8͒, formally dependent on z, gives a quantity independent of z. We wish to stress here that Eq. ͑8͒ is the identity ͑truly independent of quark distributions and fragmentation functions͒ valid only in LO parton model. Thus semi-inclusive production of charged pions in DIS allows us to determine the asymmetry of light sea quarks. However, this is on condition that the QPM works well, that is, one may neglect the influence of other possible mechanisms. We shall discuss in the course of the paper if this is a reasonable assumption in the recent experiment.
B. Intermediate resonances in the fragmentation
It is a well-known fact that pions produced directly in the fragmentation process constitute only a fraction of all pions registered in detectors. The contribution of pions coming from the decay of heavier mesons is of the same order of magnitude ͓12-14͔.
Because the intermediate resonances originate from the fragmentation of the struck quark, their contribution can be included in an overall effective fragmentation function. Modern analyses of fragmentation functions do not treat intermediate resonances explicitly, just include them effectively by fitting total inclusive data. However, it is not clear a priori whether under a more detailed consideration such as effective treatment is correct and whether resonances do not disturb the identity ͑8͒.
1 This appears to be not very important in practice. To treat the intermediate resonances explicitly we write down the fragmentation function as a sum of two parts: a direct fragmentation component ͓Fig. 1͑a͔͒ and a resonance component ͓Fig. 1͑b͔͒:
where D f → is a fragmentation function of the direct fragmentation of a quark f into a pion , D f →R→ describes the production of a pion through an intermediate resonance R and the sum runs over all possible resonances. It is known experimentally that for pion production the vector meson intermediate states are the most important. For a not too small z, neglecting for simplicity transverse momenta, the contribution of the resonance R to the fragmentation function can be approximated as
where z 0 ϭmax(z,z min R ), z min R is the minimal possible z of the resonance R, D f →R is a fragmentation function for the direct fragmentation of a quark f into a resonance R, and f R→ describes the decay of the resonance R to pionic channels. The fragmentation process transforms quarks with the third component of isospin 
These functions correspond uniquely to the standard favored and unfavored fragmentation functions and fulfill the relations ͑5͒ and ͑6͒ needed to obtain the identity ͑8͒. Thus we come to the conclusion that intermediate resonances do not violate Eq. ͑8͒, i.e., do not disturb the procedure of extraction of the d -ū asymmetry. However, one cannot avoid completely the explicit treatment of intermediate resonances when modeling pion spectra. The fragmentation functions ͑9͒ with the resonance components ͑10͒ do not obey the QCD evolution equation; this is usually ignored in the current literature. It would be useful to separate out the direct fragmentation contribution to the fragmentation functions, which has a better chance of obeying the QCD evolution equations. However, to determine the fragmentation functions of the direct fragmentation one would need to perform a combined analysis of fragmentation into pions and into all other resonances having pionic decay channels. Such an involved experimental analysis has never yet been done.
C. Choice of fragmentation functions
In order to estimate the effect of nonpartonic components on the extraction of the d -ū asymmetry we need to fix fragmentation functions with which the main partonic term will be calculated.
Modern parametrizations of fragmentation functions are fitted mostly to data from e ϩ e Ϫ collisions. Such analyses include leading-or next-to-leading-order QCD corrections ͑see, for instance, ͓15-17͔͒. In contrast with e ϩ e Ϫ collisions the situation in ep scattering is much less developed: less experimental data, no QCD analysis.
Let us see how the existing parametrizations of fragmentation functions behave in ep collisions. We start the quantitative estimations by comparing the existing fragmentation functions with the z distributions of charged pions in ep scattering. In Fig. 2 we present (1/)(d ϩ /dzϩd Ϫ /dz) data 2 obtained long ago at Cornell ͓19͔ ͓panel ͑a͔͒ with kinematics similar to the HERMES experiment, and the data from EMC ͓20͔ ͓panel ͑b͔͒ with slightly higher Q 2 . We show also the QPM predictions obtained with fragmentation functions from the fit to e ϩ e Ϫ data ͓16͔, from the fit to e ϩ e Ϫ , and photoproduction data ͓21͔ that include QCD corrections, and with fragmentation functions from the simple QPM fits to the ep data ͓22,20͔. Surprisingly the ''advanced'' parametrizations give a much worse description of the data than simple ones do. However, simple parametrizations are limited to the relevant values of Q 2 . In principle the modern fragmentation functions used in e ϩ e Ϫ ͓16͔ were obtained including QCD corrections, i.e., beyond the naive quark-parton model. The correct formulas for the cross section in DIS calculated including QCD corrections are more complicated than QPM ones ͓23,24͔. On the other hand, the analysis of the HERMES experiment ͓7͔ was performed based on simple QPM formulas, using Eq.
͑8͒
. Therefore in order to compare with those results we have to stay at the QPM level too and ignore some inconsistency. Moreover, the QCD evolution of fragmentation functions ͑included in the calculation͒ changes the pion multiplicity in agreement with the trend of experimental data and might create the main part of the Q 2 dependence even when used with QPM formulas. The whole effect of the inconsistency should, however, be clarified in the future.
In electron-position scattering the number of negative and positive pions produced is identical. This is not the case for ep scattering. Here quark distributions in the proton, isospinasymmetric by their nature, allow us to distinguish between the favored and unfavored fragmentation that is very difficult to do, if not impossible, in e ϩ e Ϫ scattering. As can be seen from Eq. ͑8͒ such a separation is essential to our analysis. In Fig. 3 we show z distributions of negative ͑upper panel͒ and positive ͑lower panel͒ pions as measured by the European Muon Collaboration ͑EMC͒ ͓20͔. Different sets of fragmentation functions are confronted with the experimental data. A surprisingly poor description of the data is obtained with fragmentation functions from e ϩ e Ϫ scattering ͓16͔. Not very good agreement of the Field-Feynman parametrization is most probably due to a different Q 2 here ͑ϳ20 GeV 2 ͒ than that where it was designed ͓22͔. A correct QCD evolution should resolve this disagreement. As will be discussed below, both QPM-parametrizations give reasonable representations of the ratio of unfavored to favored fragmentation functions, which is a more slowly QCD-evolving quantity.
The ratio D Ϫ (z)/D ϩ (z) directly enters formula ͑8͒ and, as our analysis shows, the measured d -ū asymmetry is very sensitive to it. In Fig. 4 we display the ratio obtained from the analysis of experimental data from EMC ͓25͔ and that recently obtained by the HERMES Collaboration at DESY ͓26͔. The simple QPM parametrizations ͓22,20͔ provide a reasonable description of the data. In contrast, the ''advanced'' fragmentation functions ͓16,21͔ fail again. Is it due to a different physics in e ϩ e Ϫ collisions than in DIS, or is it due to QCD corrections, or is it due to something else? In our opinion this is mainly due to the fact that the e ϩ e Ϫ data are not sufficient to separate unambiguously the favored and unfavored fragmentation functions. A QCD analysis of DIS fragmentation functions is called for. 
III. NONPARTONIC COMPONENTS
For small Q 2 , as for the HERMES experiment, some mechanisms of nonpartonic origin ͑see, e.g., Fig. 5͒ may become important. For instance, the virtual photon can interact with the nucleon via its intermediate hadronic state. Such a mechanism is usually described within the vector dominance model. The photon could also fluctuate into a pair of pions, where both or one of them interact with the nucleon. In addition, some exclusive processes can produce pions directly or as decay products of heavier mesons.
To our best knowledge none of such processes has been investigated in the literature. Their influence on the extracted d -ū asymmetry also remains unknown. We shall discuss processes shown in Fig. 5 one by one.
A. Central VDM contribution
Let us start from the VDM component ͓see Fig. 5͑a͔͒ . It was shown that in the inclusive DIS incorporation of the VDM contribution and related modification of the partonic component help to understand the behavior of structure functions F 2 p and F 2 d at small Q 2 ͓27,28͔. This model was confirmed by a recent analysis of the Q 2 dependence of the world data for the structure function difference F 2 p ϪF 2 n ͓5͔. The model for inclusive structure functions ͓27,28͔ can be generalized to semi-inclusive production of pions:
͑13͒
The second sum above runs over vector mesons Vϭ 0 , , , and ⍀ v is a correction factor that takes into account finite fluctuation times of the virtual photon into vector mesons for large x ͓28͔.
The inclusive cross section for pion production in vector meson ( 0 ,,) scattering off the proton and neutron is not known experimentally. There is no model in the literature that one can trust quantitatively but in analogy to the total 0 N cross section the cross section 0 N→ Ϯ X can be estimated as
͑14͒
Experimental data from the ABBCCHW Collaboration ͓29͔ at p lab ϭ8,16 GeV correspond approximately to the range of the HERMES experiment ͓7͔. Unfortunately as it often happens in high-energy physics there is only data for proton targets. Using isospin symmetry for hadronic reactions one can obtain corresponding cross sections on the neutron from those on the proton by assuming
These relations hold not only for the total cross sections but also for differential ones independently of energy. From the most complete data at p lab ϭ16 GeV ͓29͔ (Wϭ5.56 GeV) we get clearly different values. Although the bulk of the difference comes from the target-fragmentation region, which we are not interested in, in the beam-fragmentation region it was also found ( ϩ p→ Ϫ X)ϭ14.8 mb ( Ϫ p→ ϩ X) ϭ19.0 mb ͓29͔ with almost equal cross sections for beamlike pions.
The situation in the semi-inclusive case is more complicated than for total cross sections. The experimental spectra for Ϯ p→ Ϯ X contain components due to peripheral processes that are, in general, specific, different for different reactions. Peripheral processes from the ϩ p→ ϩ X and Ϫ p→ Ϫ X reactions do not contribute to the 0 p→ Ϯ X reaction and should be eliminated; only nondiffractive components of the p→X reactions should be taken into account when modeling 0 -induced reactions. 3 This requires physically motivated parametrization of the N→X data.
Following these arguments we have parametrized the experimental differential cross sections for four different reactions Ϯ p→ Ϯ X from ͓29͔ as a sum of central and peripheral components
where x F is the well-known Feynman variable. Details of this analysis will be presented elsewhere, a short sketch is given in Appendix A. Because the center of mass ͑CM͒ energy of the ABBCCHW Collaboration is very similar to that of the HERMES experiment, we believe that in the range of energy relevant for this experiment the functional form given in the Appendix is suitable. Finally, our analysis of experimental data ͓29͔ combined with the assumption of isospin symmetry ͑15͒ shows that for the nondiffractive components still
In Fig. 6 we show
for both positive and negative pions. An identical value of the asymmetry is expected for the beam and a similar one for the beam. This automatically means practically the same result for photon ͑real or virtual͒-induced reactions that proceed via hadronic intermediate states. We obtain rather large asymmetries, larger than for total photoproduction cross sections on the proton and neutron. Different cross sections on proton and neutron mean that the VDM contribution modifies the RHS of Eq. ͑8͒ breaking in that way the identity. In Fig. 7 we show a modification of the measured quantity (d Ϫū )/(uϪd) due to the central VDM component. In the HERMES experiment ͓7͔ both Q 2 and W vary with Bjorken-x, but the change of energy is considerably smaller. In the present calculation the photonproton CM energy was fixed at the average HERMES value Wϭ5.0 GeV 2 . In the panel ͑a͒ we show a result of a calculation where the central VDM component discussed in this section is simply added to the main partonic fragmentation component. In panel ͑b͒ the fragmentation component in addition was rescaled by the factor Q 2 /(Q 2 ϩQ 0 2 ) ͓see Eq. ͑13͔͒ that is required for consistency of inclusive and semi-inclusive structure functions. The solid line in both panels represents (dϪū )/(uϪd), i.e., the left-hand 3 Some peripheral processes specific for the 0 beam will be included explicitly in Sec. III C. side ͑LHS͒ of Eq. ͑8͒, calculated from the parton distributions ͓18͔. The dashed lines give the ''experimental'' quantity (dϪū )/(uϪd) that is obtained with the RHS of Eq. ͑8͒ including partonic fragmentation calculated again with parton distributions ͓18͔ and the central VDM mechanism. As can be seen from the figure, the RHS of Eq. ͑8͒ clearly deviates from the assumed partonic outcome. The effect is surprisingly large, especially for small x.
4 Thus, the quark flavor asymmetry extracted from semi-inclusive experiments in the simple QPM approach seems to be highly overestimated if the VDM contribution is neglected.
The VDM effect discussed in this section is not completely new. A similar effect of the hadronic structure of the photon on the difference of semi-inclusive cross sections ␥p→ ϩ X Ϫ ␥p→ Ϫ X was already noticed long ago in real photoproduction ͓30͔. Although in DIS the effect is smaller, is, however, strongly modifies the measured d -ū asymmetry.
B. Spectator mechanism
In both partonic and central VDM mechanisms the virtual photon is totally absorbed and pions are produced in a complex process involving many degrees of freedom. Such pions are preferentially emitted at not very large values of z. The peripheral processes are not included either in the partonic or the central VDM component considered above and are expected to be important in the region of large z where these processes disappear. Let us consider first the spectator mechanism depicted in Fig. 5͑b͒ . To our knowledge such a mechanism has been never discussed in the literature of photon induced reactions. We begin with the case of real photoproduction where we can apply a technique from ͓31͔. For virtual photons with q 2 Ͻ0 the formalism is not well developed.
The cross section for the spectator pions Ϯ in real photoproduction can be expressed as a product of the distribution of pions in the photon ( f Ϯ /␥ ) and the off-shell total cross section for scattering of Ϯ off the proton or neutron: To represent the total cross sections of Ϯ scattering off nucleons we use cubic interpolation of the world experimental data ͓32͔. The distribution function f Ϯ /␥ can be calculated using a technique similar to that outlined in ͓31͔:
where g em is the electromagnetic ␥→ ϩ Ϫ coupling constant, M is the invariant mass of the two-pion system, F(z,k Ќ 2 ) is a vertex form factor that accounts for the finite size of particles involved and off-shell effects. For other technical details see ͓31͔.
In Fig. 8 we show the result of our calculation ͑dashed line͒ with cutoff mass 1.5 GeV as in Ref. ϭ4.28 GeV corresponding to the experimental data from SLAC ͓33͔ with E ␥ ϭ9.3 GeV. The results are presented in terms of the invariant single-particle structure function ͓33͔ ͓see also Eq. ͑A3͒ in Appendix A͔. The energy in the pionproton subsystem decreases with increasing x F and we observe fluctuations due to s-channel N resonances. The peaks would be even more pronounced at smaller photon energies and would disappear completely at larger photon energies.
The contribution of the spectator mechanism calculated with reasonable values of the cutoff mass in the vertex form factor is smaller than experimental data. A dominant fraction of pions produced at large x F appears to be given by the mechanism of elastic 0 -meson production and its subsequent decay ͑discussed in detail in Sec. III C͒. By the shortdashed line we present this contribution corresponding to the cross section calculated as
where the explicit functional form of the decay function f decay 0 → Ϯ (z) can be found in Appendix B. In the calculation we have used the experimental value (␥p→ 0 p)ϭ13 b, relevant for E ␥ ϭ9.3 GeV. The sum of both contributions 4 We wish to remind the reader here that in the HERMES experiment the photon virtuality for small x is only of the order of 1-2 GeV 2 .
͑solid line͒ seems to be consistent with the large-x F part of the pion spectrum. Thus in real photoproduction the spectator mechanism becomes non-negligible only at large x F ͑or z͒.
In virtual photoproduction the situation is more complicated. The absolute normalization of f Ϯ /␥ * should depend on the virtually of the photon. However, it cannot be calculated from first principles as it involves a vertex form factor where more than one particle is off mass shell. Empirically such cases are strongly damped ͓34͔. Also a naive use of a typical light-cone parametrization of the vertex form factors ͓31͔ with the mass of the parent particle replaced by the virtuality of the photon leads to a strong suppression in comparison to real photoproduction. How strong this suppression is in comparison to the suppression of the elastic-0 production mechanism is not clear. For photon virtualities of the order of Q 2 ϳ2 -4 GeV 2 we find that the elastic-0 contribution, discussed in detail in the next section, together with the partonic component, totally accounts for the pion production cross sections at large z, leaving practically no room for the spectator mechanism ͑see Fig. 16͒ .
In summary, the spectator mechanism, while potentially important in real photoproduction, is most probably negligible in DIS.
C. Exclusive meson production
The exclusive meson production ␥*N→MNЈ is one more mechanism not included in the fragmentation formalism ͓Eq. ͑4͔͒ and may also cloud the extraction of the d -ū asymmetry. The pion exclusive channels 5 (M ϭ) contribute at zϷ1, i.e., outside of the range of the HERMES kinematics and will be ignored in the following discussion. In contrast, the pions from the decays of light vector mesons may be important in the context of the d -ū asymmetry from semi-inclusive pion production. The production of mesons (M ϭ) seems to be of particular importance. First, the 0 N channel is known to be the dominant exclusive channel in ␥*N scattering. Second, because 0 decays predominantly into two pions this will produce pions with ͗z͘ϳ 1 2 . A detailed calculation ͑see Appendix B͒ shows that the dispersion of the decay-pion z distribution is large and therefore this effect has a chance of being observed at large z where the hadronization rate is already much smaller. The next potentially important mechanism is the meson (M ϭ) production. However, the dominant meson decay channel is the three-body system ϩ Ϫ 0 , i.e., it is expected to contribute to the inclusive pion distribution at ͗z͘ϳ 1 3 , i.e., in the region where the hadronization rate is large. Moreover, the cross section for the channel is smaller than for the 0 channel. Below we shall consider the 0 channel only, which is probably the most important.
The elastic 0 -production contribution ͓diagram ͑c͒ in Fig. 5͔ to the semi-inclusive structure function ͑4͒ or ͑13͒ can be written formally as
͑22͒
For not too small z, where we expect the elastic mechanism to be important, the decay function f 0 → can be easily calculated as sketched in Appendix B. At not too high energies, as for the HERMES experiment, one may expect (␥*p → 0 p) (␥*n→ 0 n) which would influence the experimental result for the d -ū asymmetry obtained from the RHS of Eq. ͑8͒. At high energy the pomeron-exchange ͑two-gluon exchange͒ mechanism dominates and one may expect (␥*p→ 0 p)ϭ(␥*n→ 0 n). At low energy the exchange of subleading reggeons ͑quark exchange͒ could lead to (␥*p→ 0 p) (␥*n→ 0 n) due to isovector contributions. In real photoproduction the isovector amplitude is known to be rather small ͓35͔. In DIS the situation may be quite different. Assuming that the production is hard, i.e., of perturbative nature, the longitudinal 0 is predicted to be dominated by the quark-exchange mechanism at low photon energies ͓36͔. The HERMES ␥*p energy corresponds precisely to the maximum of the L 0 production in the hard quark-exchange exclusive reaction ␥*p→ L 0 p ͓36-39͔. Although there are no experimental data in this region, the data from EMC ͓40͔, NMC ͓41͔, and E665 ͓42͔ Collaborations in the close neighborhood seem to be in rough agreement with the calculation for L ͓36,37͔. Different quark distributions in the proton and neutron lead in this approach to different 0 -production cross sections for proton and neutron targets, which obviously leads to a different production rate of charged pions in reactions on the proton and neutron. This in turn modifies the RHS of Eq. ͑8͒ and the subsequent conclusions on the d -ū asymmetry.
One could also try to understand elastic meson production within the Regge phenomenology ͓43,44͔. It is not obvious a priori what is the kinematical range of applicability of either the quark exchange approach or the Regge phenomenology. Below we shall investigate elastic 0 production on the proton and neutron using both these approaches: ͑a͒ the Regge approach and ͑b͒ a QCD-inspired quark-exchange model.
Regge approach
The cross section for neutral meson electroproduction in the HERMES kinematics is not known experimentally. While for the proton target there are data in slightly different kinematical regions of x and Q 2 ͓45͔, there is almost no data for the neutron target. Only in one paper ͓46͔ was the 0 production studied simultaneously for the proton and deuteron data. The x-and Q 2 -integrated result obtained there,
does not exclude the difference between the proton and neutron target. If the nuclear effects are completely ignored this leads to ͑␥*n→ 0 n ͒ϭ͓͑0.4Ϫ0.6͒Ϯ0.4͔•͑ ␥*p→ 0 p ͒.
5 These are not included in the spectator mechanism discussed above where the final state XϭN was not taken into account.
However, in the present analysis we are interested in x-and Q 2 -dependent cross sections. The only electroproduction data on the deuteron target with well-defined kinematics were published in ͓41͔. Such a limited set of the deuteron data does not allow us to determine the cross section on the neutron target for x and Q 2 in the kinematical region we need. A possible way out would be to parametrize the proton data with a suitable, physically motivated parametrization in a possibly broad kinematical range ͑there are rich data around the kinematical region of the HERMES experiment, see Fig. 9͒ and use theoretical arguments and/or experimental data for other reactions to determine the neutron cross sections.
In the present paper we shall parametrize the existing experimental data for exclusive 0 production by means of the following simple Regge-inspired reaction amplitude, similar to that in Ref. ͓43͔:
with ''ϩ'' and ''Ϫ'' in front of the isovector ͑IV͒ contribution for proton and neutron, respectively. The pomeron contribution is marked by P and isoscalar reggeon contribution by IS. The following normalization is assumed:
where s N is the spin of the nucleon and N is the number of active helicity states of the virtual photon.
In the following we are interested in relatively low ␥*N energies where in principle the pion-exchange mechanism could be important too. At low energies, just above resonances, the pion-exchange mechanism is known to be the dominant mechanism for photoproduction of mesons ͓47,48͔. It can be shown that due to the helicity structure of its amplitude the pion-exchange contribution does not interfere with the diffractive contribution as far as the spinaveraged cross section is considered, that is the pionexchange contribution can be added incoherently in the cross section. Because ⌫ 0 → 0 ϩ␥ Ӷ⌫ → 0 ϩ␥ the relevant coupling constant f ␥ 0 2 ϭ96(m 2 /͓m 2 Ϫm 2 ͔)⌫ ␥ is rather small. In order to estimate the corresponding cross section, one has to make some plausible estimation for the vertex form factors. Assuming the form factors that lead to a good description of the -photoproduction data, whilst neglecting other mechanisms, provides a reasonable upper estimate of the pion-exchange contribution for 0 production. The pionexchange contribution estimated in this way can most probably be neglected in the kinematical region considered here. It is interesting to notice that unlike for the neutral meson production the pion-exchange contribution cannot be neglected for charged meson production due to lack of the dominant isoscalar contributions. The discussion above further justifies the simple ansatz used in Eq. ͑23͒.
In practical application we assume the same t dependence of C P , C IS , and C IV and take ⌳ϭm . The total ␥*N → 0 N cross section can be obtained as the integral
There are many approximate or even incorrect formulas for the upper and lower integration limits in the literature. It is, however, essential to use correct formulas for small W. The free parameters 6 in Eq. ͑23͒, i.e., ⑀ P , C P , and C IS ϩC IV have been fitted to the existing experimental data for the angle-integrated cross section for 0 production on hydrogen ͓45͔. The slope parameter B in the exponential t distribution was fixed at Bϭ6 GeV Ϫ2 that is known experimentally.
7 In order to avoid poorly understood contributions of baryonic resonances we have limited our fit to WϾ3 GeV. The simple form of the amplitude above is obviously not adequate for large Q 2 where genuine hard QCD processes take place. Consequently we have included in our fit only experimental data points with Q 2 Ͻ10 GeV 2 . In Fig.  9 , together with all available 0 electroproduction data, we have shown these kinematical boundaries. The large filled 6 It is impossible to separate the isoscalar and isovector reggeon contributions from the fit to the proton data only due to their identical energy dependence. 7 The results are rather stable against a small variation of B in the range Bϭ6Ϯ2 GeV Ϫ2 .
FIG. 9. Experimental data points for exclusive 0 production on the proton ͓45͔ and deuteron ͓41͔ ͑open squares͒. For illustration the HERMES kinematics is shown in addition by large solid circles. The thick solid lines show the limits for our Regge-inspired fit.
circles denote the kinematical loci where the HERMES analysis of charged-pion semi-inclusive data was made. With the above cuts we get from the fit: C P ϭ1.57 b 1/2 GeV Ϫ1 , C IS ϩC IV ϭ6.33 b 1/2 GeV Ϫ1 and ⑀ P ϭ0.102. The quality of the fit is shown in Fig. 10 . The corresponding 2 ϭ2.34. To separate the sum C IS ϩC IV into the isoscalar and isovector parts one needs more information. The size of the isovector a 2 -exchange contribution was estimated long ago for total photoproduction cross section ͑see, for instance, ͓35͔͒. It was found empirically that the total photoabsorption cross section on the proton and neutron can be parametrized at low energy as
In our parametrization of the ␥*p→ 0 p data the energy dependence of the pomeron-and reggeon-exchange contributions is slightly different ͓see Eq. ͑23͔͒. Extending the validity of Regge phenomenology to both real and virtual photons we can write somewhat schematically the amplitude
for Compton scattering,
͑28͒
for exclusive 0 photoproduction, and
for exclusive photoproduction. We have used the values of ␥ 0 and ␥ from ͓49͔ and put m ϭm ϵm V . Please note that P, f, and a 2 corresponding to the reggeon-exchange amplitudes on the hadronic level are the same in all these reactions. Different factors in front of these hadronic amplitudes give different strength of each contribution in different reactions. We have adjusted the relative strength of the a 2 contribution compared to the f contribution in the Compton scattering amplitude ͑27͒ to reproduce the empirical low-energy parametrization ͑26͒ for tot (␥p) and tot (␥n). In Fig. 11 we compare ␦ pn given by the obtained parametrization with that from the empirical fit. Shown is the band due to the uncertainties of parameters from ͓35͔ and the best representation of the empirical formula by our Regge parametrization ͑23͒. Although we reproduce the empirical fit rather well, in our case there is a different relative strength of the f and a 2 contributions to the Compton amplitude. This difference is caused by the energy dependence of the pomeron exchange as opposed to the constant assumed in the empirical fit ͓35͔.
Having fixed parameters in Eq. ͑27͒ we can calculate the corresponding proton-neutron asymmetry for 0 and production: ␦ pn 0 ,␦ pn , which are also shown in Fig. 11 . We have shown in addition experimental results for 0 ͓50͔ and ͓51͔ photoproduction that are consistent with our parametrization. While the asymmetry of the cross sections for the 0 production is similar to the Compton case, the asymmetry for the production is considerably larger. 8 The latter may also be important in the context of d -ū asymmetry. However, the absolute normalization of the corresponding cross section for the ␥*N→N reaction is not well known, at least in the region of the HERMES kinematics. It is expected to be considerably smaller than for the 0 production. Although the difference of the cross sections for exclusive 0 production on the proton and neutron targets is small, the effect of this mechanism on the d -ū asymmetry is not negligible at all. In Fig. 12 , we show the corresponding modification of the quantity (d Ϫū )/(uϪd) in the same way as before for the central VDM contribution. This modification may even be underestimated, as it is based on the Reggeinspired parametrization of the cross section for the ␥*n → 0 n reaction that overestimates the 0 production on nuclei. This can be seen in Fig. 10 where the NMC experimental points lie below the Regge parametrization.
QCD approach
For sufficiently large 9 Q 2 the elastic vector meson production can be calculated perturbatively in the formalism of off-forward parton distributions ͑OFPD's͒ ͓36,38͔. It was argued that only the cross section for longitudinally polarized photons, where end-point contributions are suppressed, can be calculated reliably ͓52͔. The cross section for the exclusive reaction ␥ L *ϩN→V L ϩN can be calculated in the standard way as
where N and N Ј are helicities of the incoming and outgoing nucleons, respectively. The two zeros in the upper index row of the matrix element correspond to longitudinal photons and helicity 0 of the produced vector meson. The amplitude of the two-quark exchange mechanism for vector meson production was calculated for the first time in ͓36,38͔. The total longitudinal cross section can be obtained by integrating Eq. ͑30͒ over t in the kinematically allowed interval.
In the formalism first proposed by Ji ͓53͔, neglecting transverse momenta of quarks in the nucleons and in the vector meson, the leading-order amplitude reads ͓37͔
where ⌽ V (z) is the distribution amplitude and H N V (x,,t) is a generalized function related to so-called skewed quark distributions in the nucleon. For the electroproduction of 0 mesons we are interested in here, one gets
͑32͒
The functions H u/N (x,,t)ϵu N (x,,t) and H d/N (x,,t) ϵd N (x,,t) are the nondiagonal, off-forward quark distributions. In this subsection we shall concentrate on the relative magnitude of the cross sections for 0 production off the neutron and proton. Therefore the approximation relying on the replacement of →x ͑i.e., using familiar diagonal quark distributions͒ seems sufficient for our present purpose. Consequently we shall take 8 We have neglected here the pion-exchange mechanism that would decrease ␦ pn at energies WϽ5 GeV. 9 It is not clear at present how large the virtuality should actually be for the applicability of this formalism. 
for xϾ0 and
for xϽ0. The above ansatz assumes factorization of x and t dependences. Thus the whole t-dependence will be contained in one universal function D(t), common for all flavors. We shall try exponential and dipole form factors that provide a good representation of experimental data for exclusive 0 production. The factorized form has the advantage that the total longitudinal cross section can be obtained analytically.
In the present analysis we have neglected the tensor magnetic-type E-terms ͑see ͓37͔͒ 10 that may be expected to be important only at large t and lead therefore to a rather small contribution to the total cross section.
The integral in the amplitude given in Eq. ͑31͒ can be calculated in the standard way by splitting the integral into a real principle value and an imaginary ␦-function.
The cross section asymmetry defined as
calculated according to Eqs. ͑30͒ and ͑31͒ is shown in Fig.  13 as a function of photon-nucleon center-of-mass energy W for Q 2 ϭ4 GeV 2 , typical for the HERMES kinematics. As in previous calculations the quark distributions in Eqs. ͑33͒ and ͑34͒ were taken from ͓18͔. If only valence-quark distributions are taken into account, there is a relatively large asymmetry between the scattering off the proton and neutron targets. The inclusion of sea quarks decreases the asymmetry, which vanishes completely at large energy ͑small x for a fixed Q 2 ͒. At the energy of the HERMES experiment W ϳ5 GeV there is about 7% asymmetry, i.e., about a factor of 2 more than that in the Regge approach.
In Fig. 14 we compare the asymmetry obtained within the Regge approach discussed in the previous section and within the perturbative formalism discussed here for fixed W ͑left panel͒ and fixed x ͑right panel͒ as a function of Q 2 . There is a substantial difference between the Regge approach, where W is the variable relevant for the proton-neutron asymmetry, and the QCD approach, where it is rather Bjorken-x that controls the asymmetry. In the Regge approach, if W is fixed the asymmetry is practically independent of Q 2 and varies strongly for fixed Bjorken-x. In contrast, in the perturbative approach for fixed Bjorken-x the asymmetry only weakly depends on the photon virtuality, as can be seen from Fig.  14͑b͒ . If the center-of-mass energy is fixed instead, the Q 2 dependence of the ratio is much stronger. As can be seen from Fig. 14 in the QCD approach the asymmetry between proton and neutron target becomes larger for larger photon virtuality.
We have calculated only longitudinal cross sections that dominate at large Q 2 . At small Q 2 the transverse cross section becomes equally important. Although it is not possible to make a rigorous calculation for the transverse cross sections, it is natural to expect ␦ pn T and ␦ pn L to be similar. Therefore we expect that the asymmetry for longitudinal cross sections should be a reasonable estimate of the asymmetry of the total (longitudinalϩtransverse) cross sections.
The description of the experimental data for exclusive 0 meson production by means of the hard mechanism ͑not discussed here͒ is not as good as that by means of the Regge approach. The absolute normalization of the cross section depends on transverse momentum distributions of quarks in the nucleon and in the produced meson ͓37͔ that are not fully understood at present. Therefore we shall not calculate here the corresponding modification of the measured (d 10 As far as we know these terms have been never estimated in the literature. Ϫū)/(uϪd). Such an analysis requires first of all a good description of the absolute value of the cross section. We expect, however, at least as big a modification as in the Regge case.
Charged mesons
Above we have considered only neutral mesons. Charged mesons can also be a source of charged pions due to their decay mode
Experimentally the cross section for exclusive charged mesons is much less well known than that for the neutral mesons. It can be estimated within the QCD formalism of the OFPD's approach as that sketched for neutral mesons using symmetry relations for the matrix elements ͓39͔. Because the cross section for exclusively produced charged mesons depends on quark distributions in the nucleon differently than in the QPM formula ͑4͒, the contribution of charged mesons will certainly modify the d -ū extracted by means of Eq. ͑8͒. Because the result depends on the magnitude of the charged-meson production that is rather difficult to predict in the QCD-type calculations ͑off-diagonal effects, the choice of the scale of the running coupling constant, inclusion of transverse momenta͒ we shall leave the problem for a separate, more refined analysis.
IV. COMMENTS ON NUCLEAR EFFECTS IN THE DEUTERON
So far we have followed the HERMES Collaboration and neglected all nuclear effects in the deuteron, i.e., assumed that
The theory of nuclear effects in semi-inclusive processes is less developed than in the inclusive case. Let us consider a simple example of an x-independent relative nuclear effect of size , universal for both ϩ and Ϫ , ͑␥*d→ Ϯ ͒ϭ͑ 1Ϫ ͓͒͑ ␥*p→ Ϯ ͒ϩ͑ ␥*n→ Ϯ ͔͒.
͑37͒
Then the semi-inclusive cross sections for pion production on the neutron extracted from the deuteron target data are meas ͑ ␥*n→
i.e., biased by the assumed nuclear effect in the deuteron. Thus the differences (␥*p→ Ϯ )Ϫ(␥*n→ Ϯ ) needed in Eq. ͑8͒ are replaced by
In Fig. 15 we show the nuclear effects on (d Ϫū )/(u Ϫd) for ϭ0.02,0.01,0.0,Ϫ0.01,Ϫ0.02, i.e., in the range known from inclusive DIS. These effects are independent of z by assumption ͑37͒. Following the inclusive case, for small values of Bjorken xϽ0.1 a shadowing, i.e., Ͼ0 is expected which means that the asymmetry obtained when neglecting nuclear effects is underestimated ͑see Fig. 15͒ .
The shadowing leads to an effect opposite to that for the resolved photon component discussed earlier in this paper. For somewhat larger x an antishadowing due to excess pions is not excluded. For still larger x a nuclear binding and Fermi motion corrections come into play.
Summarizing, we have shown that even small nuclear effects, of the order of just a few percent, lead to considerable consequences for the d -ū asymmetry. Nuclear effects are expected to be x and Q 2 dependent. In the present analysis we have shown only a band of uncertainties due to nuclear effects. A more precise determination of the x or Q 2 dependence requires a more microscopic calculation that goes beyond the scope of the present paper. This is, however, necessary if the d -ū asymmetry is to be extracted from semiinclusive data.
V. CONSEQUENCES FOR THE HERMES EXPERIMENT
Having discussed each of the nonpartonic effects separately we will now attempt to combine them and try to un- derstand their net effect on the measured d -ū asymmetry, and the consequences of this for the HERMES data ͓7͔.
Before a numerical estimation of the total nonpartonic effect we would like to discuss briefly a subtle problem. At first sight it seems that fragmentation functions fitted to experimental data effectively contain nonpartonic effects. This is most probably not true as nonpartonic components are higher-twist effects, i.e., are strongly Q 2 dependent in contrast to the leading twist.
In Sec. II C we have selected the fragmentation functions that describe the pionic yields well. There is a danger a priori that explicit inclusion of the nonpartonic effects discussed in the present paper may worsen the description of pionic spectra. In Fig. 16 we show the multiplicity of charged pions as a function of z for ͗Q 2 ͘ϭ2.8 GeV 2 ͑com-pare with the left panel of Fig. 2͒ . Together with the corresponding Cornell data ͓19͔ we show the contributions due to different mechanisms separately. The contributions of nonpartonic mechanisms are considerably smaller than the main partonic contribution, but, however, not negligible. If we add all of them together we obtain the multiplicity ͑thick shortdashed line͒ over the experimental points. Another way to incorporate the partonic and nonpartonic components was proposed in Ref. ͓28͔ for the inclusive case. As can be seen from Fig. 16 , extension of this model to the semi-inclusive case, i.e., rescaling of the partonic component as in Eq. ͑13͒ ͑thick long-dashed line͒, provides a very good description of the experimental multiplicities. This approach treats all contributions explicitly, which is more consistent than the approach mentioned above that includes them all effectively into fragmentation functions. It is also consistent with the inclusive structure-function model ͓28͔.
In Fig. 17 we show (d Ϫū )/(uϪd) as a function of z for different bins of Bjorken-x ͑the averaged value of x is given in the figure͒. The data points are taken from ͓7͔. The filled squares correspond to the data averaged over z. The QPM ͑z-independent͒ prediction with leading-order quark distributions from ͓18͔ is shown for reference by the solid line. The results of the calculation including partonic, VDM, and elastic 0 contributions are given by the dashed line ͑with the QPM contribution calculated in the standard way͒ and longdashed line ͓with the QPM contribution modified as in Eq. ͑13͔͒. As in the previous calculations the Field-Feynman fragmentation functions ͓22͔ were used here.
As can be seen from the figure there is a significant discrepancy between the assumed asymmetry ͑GRV prediction͒ and that obtained from the RHS of Eq. ͑8͒ including nonpartonic effects ͑the difference between the solid and dashed lines͒, especially for small values of Bjorken-x. The effect is bigger for the ''modified-QPM'' approach, i.e., for the more consistent one. Consequently, nonpartonic effects must cause a similar deviation of the shown experimental points from the real asymmetry. The nuclear effects most probably will introduce further deviation that is, however, difficult to estimate numerically. A significant z dependence casts doubts on the averaging in z at least in the whole range from 0 to 1. However, as seen from the figure the experimental statistics and the z range of the HERMES experiment do not allow this dependence to be identified. It is worth noting that the modification of the QPM result depends strongly on the fragmentation function used to calculate the ratio D Ϫ /D ϩ . The Field-Feynman fragmentation functions used in the present analysis provide a good representation of the data from both EMC and HERMES ͑prelimi-nary͒ ͑see Fig. 4͒ , i.e., are close to those used in extraction of the d Ϫū asymmetry by the HERMES Collaboration. One should also remember that the effect of elastic 0 production is model dependent, being generally larger in the hard production mechanism than in the Regge model. If we take our Regge result at face value we argue that the d -ū asymmetry extracted by the HERMES Collaboration is rather overestimated.
The HERMES data points were obtained by calculating the RHS of Eq. ͑8͒ and, as discussed in this paper, does contain nonpartonic effects. The fact that these data points roughly agree with the LHS of Eq. ͑8͒ calculated with leading order ͑LO͒ Glück-Reya-Vogt ͑GRV͒ quark distributions ͓18͔ is a pure accident in our opinion. If in addition to the partonic contribution one includes the nonpartonic effects the agreement is slightly worse ͑see Fig. 17͒ . This, of course, does not mean that the nonpartonic effects are not present. The used quark distributions are certainly not yet final and will be a subject of modifications in the future. We have taken the GRV quark distributions to illustrate the relative effect of nonpartonic processes rather than to describe the HERMES data. In order to describe the data including the nonpartonic effects the asymmetry of light antiquarks should be decreased. This would lead to antiquark distributions more consistent with the results of a recent Fermilab DrellYan experiment ͓4͔.
In the present analysis we do not attempt to correct the HERMES data for the effects discussed here. This requires a separate analysis including efficiencies of the HERMES apparatus as well as knowledge of the many cuts used in their analysis.
VI. CONCLUSIONS
Extraction of parton densities is one of the main goals of high-energy physics. It was proposed some time ago how to use semi-inclusive production of charged pions to determine both unpolarized and polarized parton densities in the nucleons. Recently this idea was put into practice in both cases. Such analyses assume implicitly the validity of the quarkparton model. In a recent paper of two of us ͓5͔ we have shown a breaking of the parton model in inclusive DIS at photon virtually Q 2 as large as 5-7 GeV 2 , which is bigger than commonly perceived. The modern experiments analyzing semi-inclusive production of pions are performed in a similar range of Q 2 . In general the situation in semiinclusive reactions can be even more complex and subtle. In the present analysis we have made a first attempt to determine the nonleading mechanisms.
We have estimated a few effects beyond the quark-parton model that may influence the extraction of the d -ū asymmetry from semi-inclusive production of pions in DIS. In the consequence, when neglecting these the experimentally obtained asymmetry differs from the real one.
Based on the analysis of hadronic data we have found that the interaction of the resolved hadronlike photon with the nucleon leads to an artificial enhancement of the measured d -ū asymmetry in the region of small x. We have found that the effect of the spectator mechanism is rather small. Next, we have investigated the elastic production of 0 mesons by a virtual photon on the proton and neutron targets based on two different models. Unequal cross sections for proton and neutron targets also lead to an artificial modification of the d -ū asymmetry extracted based on QPM formulas. The effect found is opposite to the effect due to the resolved photon component. These two effects cancel only in a narrow range of z. The net effect turned out to be z-dependent invalidating somewhat averaging in z as done recently in ͓7͔.
We suggest that instead of averaging over a broad range of z one could try to select the region of z ͑x and Q 2 dependent͒ where the influence of nonpartonic effects is small. Unfortunately this can only be done at the expense of lowering the statistics considerably. An optimal choice of kinematical cuts in x, Q 2 , and z requires a more detailed study. Clearly, increasing of Q 2 looks helpful. This could be realized by HERMES or by an yet-to-be proposed experiment for COMPASS at CERN.
Nuclear effects, even small ones, may also cloud the extraction of the true d -ū asymmetry. To our knowledge, there is no reliable estimate of such effects for semi-inclusive production of pions.
Although in the light of the present analysis the precise direct extraction of d -ū is rather difficult, the semi-inclusive data can be used for tests of parton distributions, in particular the difference between d and ū , provided nonpartonic and nuclear effects are understood and included in the analysis.
Finally we would like to point out that some of the effects discussed in the present paper may also influence the extraction of the polarized quark distributions from semi-inclusive production of pions in DIS. This will be a subject of a separate analysis.
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The inclusive spectra of pions in pion-nucleon scattering are, in general, even less well understood. For beamlike pions the large-x F part of the spectra seems to be dominated by diffractive processes due to pomeron or reggeon ͑f or 0 ͒ exchanges. For both beam-like and beam-unlike spectra one may expect a non-negligible contribution from the decay of mesons produced in peripheral processes ϩp→ϩX →(ϩ)ϩX, dominated by pion exchange.
The most complete experimental data for the Ϯ p → Ϯ X reactions were collected by the ABBCCHW Collaboration at the CERN hydrogen bubble chamber ͓29͔. A detailed analysis of the ϩ p→ Ϯ X and Ϫ p→ Ϯ X twodimensional spectra ͓29͔ combined with a general understanding of the reaction mechanism have shown that the spectra of all the four reactions ͑4ϫ10ϭ40 spectra͒ can be represented by the following six-component ansatz: 
where the maximal rapidity max ϭ max (p Ќ 2 ). Each of the components above corresponds to a distinct physical mechanism, the first three to central processes and the last three to peripheral processes. By analogy with pp collisions ͓56͔ we have assumed one universal ͑flavor-independent͒ soft component and allow for different normalization of flavor-dependent components, called here hard due to their transverse-momentum dependence. We have found B soft ϭ8.5 GeV Ϫ2 and B hard ϭ3.0 GeV Ϫ2 ͒, consistent with characteristic slopes of soft and hard processes. The parametrization of the soft component gives a multiplicity that rises with the energy in the entrance channel. Some models in the literature predict a growth of the flavor asymmetric part ͓sec-ond term in Eq. ͑A1͔͒ with energy, some predict that it should stay almost constant. Therefore in the present paper we have tried different functional forms for the phenomenological flavor-dependent part called here the hard component:
͑A2͒
In the present schematic parametrization we have taken ␣ P ϭ1 and ␣ R ϭ0.5, i.e., we have neglected t dependence of the Regge trajectories. By comparison with the experimental data we found B P ϭB R ϭB ϭ5.0 GeV
Ϫ2
. The extra factor x F in front of the diffractive components was added to extrapolate smoothly down to x F ϭ0. We have found that peripheral production of mesons due to pion exchange and their subsequent decay constitutes a non-negligible source of charged pions. Inspired by the pion exchange model and consistently with the data we have fixed the relations between normalization constants for such different processes
The functional form of f (x F ) has been taken from a schematic model calculation and one normalization parameter C was fitted to the two-dimensional spectra, which is possible because this mechanism dominates the beam-unlike spectra at x F Ͼ0.7. The nature of the phenomenological very central, very soft (B cen ϭ20-30 GeV Ϫ2 ) component is not clear. It was introduced only to describe the data. It is most probably associated with pions from the decay of nonperipheral mesons. We have found empirically approximately the same relation for normalization constants C cen i j as for C p i j . In Fig. 18 we present the quality of our fit for transversemomentum integrated x F -distributions for all four reactions Ϯ p→ Ϯ X. The results are shown in terms of the invariant single-particle structure function ͓29͔ 
